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Abstract

l’hc cm-c lCVCIS of ‘11 BazCaCuj07.6  (T]- 12 12) epitaxial  films have been rncasumt with x-ray

photoclcctmn  spectroscopy (X1’S). ‘1’hc valence clcdronic structure has been dctcrmincd  using the

lull potential Iincar muffin tin orbital band skudurc  mcthoct and mcasurcct with X PS. ‘lIIC

calculations show that a van Hove singularity (vI 1s) lies above the Fermi ICVC1 (};l,)  1’01 ti]c

stoichiomctric  compound (8=0),  while for 5(Y1J  oxygen vacancies in the ‘1’1-0 layer (&4).5) 1;,, is

in CIOSC proximity to the VI 1s. Samples annealed in nitrogen (to rcciucc the hole ovcrdoping  by the

rcnioval  of oxygen) exhibit higher core lCVCI bin(iing  cncrgics and higher T,, consistent with a shift

of Iil, closer to the vlls. Comparisons arc made to Lhc core ICVCIS  and valcncc  b:inds of

‘1’1113a?CaCuj08,6  (’1’1-22 1 2) and 1 lg13azCaCuz06,  ti (1 lg- 121 2). The similarity of the G 2p3,1

spectra for ‘1’1-1212 and T1-2212 indicates that the number of ~“1-O layers has little clt’cct  on the

CU.-O bonding. 1 lowcvcr, the ‘] ’]-1212 and 1 lg- 1212 cu 2p3,z signals exhibit diffcrcnccs  which

supgcst  that the rcplaccmcnt of TI+3 with Ilg+2 results in a dccrcasc in the O 2p + CL] M charge

transfer energy and diflcrcnccs  in the probahilitics  of planar vs. apical oxygen charge transf’cr

and/or 7.hang-Rice singkt  state formation on CLI sites away from the core hole. Dilfcrcnccs

bctwccn  the‘1’1-1212 and the ‘H-2212 and I Ig- 1212 measured valcncc bands arc consistent with the

cakulatcd  Cu M mi (T], I lg) 6s/5d partial densities of states.

I’ACS Nurnbcrs:  74.72 .1;q, 74.25.Jb, 74.76  .Bx,,  79.60 .-i



1 .  in troduct ion

A m o n g  t h e  “1’1 cuprate h i g h  tcnymtLII’c  SLIIlCICOrICILICtOIS,  t h e  ‘1’11~:12C:a,,.1  CLI,,~)3+2,,.5

(’1’1- 12(n- 1 )n) family krs rcceivecl  little attcnticm relative to the ‘J’l-22(n- 1 )n family, duc to both the

somcwha[ lower superconducting transition tcmpcraturcs  (’J’C) and the grcnter difllcu]ty in obtaining

high quality ‘1’1- 1 2(11- 1 )n phases. Comparison of single and double “1’1-layer materials is of

fun(iamcntal  interest in determining the effect of the charge reservoirs ancl distance between Cu-O

planes on the electronic structure. }Iowcvcr,  band structure calculations of single l’1-layer

materials have been Iimitcd to a single tight bin(iing stucly.  }

Some interest in applications of the 1“1- 1223 phase has been motivated by its lower

anisotropy, greater flLIx  pinning and consequently higher critical current densities relative to the

more commonly studiecl  ‘1’1-2212 and “1’1-2223 phases. I’hc 1’1-1212 plmc also has greater flux

pinning, but has been the subject of even fewer studies. ‘1’hc ‘1’, of 3’1-1212 depcncls  sensitively on

the oxygen cloping,~  varying in bulk powders from 80 K for samples synthesi~.cd  in oxygen to as

high as 110 K as 8 increases, thus requiring controlled annealing in an inert atmosphere to achieve

optimal doping by removal of cxccss  oxygen. ‘1’hc growth of high quality epit,axial  T]-1212 filnls,

which arc of interest for microwave c]evicc applications, has only rcccntly  been clcn~onstratcd.3>4

1 ligh temperature superconductors have  been  widely  stuclied  with photocmission

spectroscopy. Valcncc  band mcasurcmnts  provide a memurc of the density of states, while core

lCVCI mcasurcmcnts  proviclc  information on issues such as oxidation states ancI doping-inducccl

chemical po[cntial shifts and, in the case of the highly corwlatecl  Cu cations, charge transfer

n~cchanisms  ancl multiplet  splitting. } lowcvcr, photocmission  studies of the T1 cupratcs have been

limited by the difficulty in obtaining well-charactcrizccl, high c]uality  materials, as well as by the

well-known clifficulty, common to all of the cuprates, in obtaining clcm surfaces duc to the

reactivity of the alkaline earth components. I)revious x-ray photoelectron spectroscopy (XI’S)

mcasurcmcnts  on T]-1212 arc limitecl  to reports from a single groups”’ The earlier X1’S studies

rc~mr[cd no detectable Fermi edge and were on polycrystallinc  samples scraped in Vacmuni, s-”’

which can yield surfaces with significant spectral contributions from no[ls~lpcrcor~clllctirlg  grain
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bo~ll~dary sl>ccics  arld/orarlifacts from scrape-induced damage.s XPS mcasurcmcnts  from higher

c]ua]ity 1“1-1212 surfaces are therefore desirable.

in this work, XPS core lCVC1 and valence band mcasurcmcnts  arc reported for high quality

epitaxial ‘J”]- 1212 films. These results arc compared to [k ba~ld structure calcLdatcd  in this work

an(i to prcviousl  y rcporlccl XPS mcasurcmnts  of ‘1’1- 1212 polycrystallinc  pellets.s”’ ‘J’hc ‘111- 1212

film surfaces are demonstrated to be high quality, as shown by the rela(ivcly low intensities

observed for the high binding energy contaminant signals in the 0 1s and Ba core levels and the

observation of a clear Fermi edge in the valence band region. Comparison of the data measured in

this work to earlier measurements on cpitaxial films of lIg-1212 (Ref. 9) and T1-2212 (Ref. 1 O)

yiclcls  information on the effects of varying the number of ‘1’1-0 layers or replacing the ‘1’1+3  with

}] g+~. ‘J’IW effects of OXygCII  doping  arc invcs[ig:i[c(l  by comparing XPS spectra from as-grown

and nitrogen-annealed “1’1- 1212 smpks  with signiflcmt]  y different “l’Cs. l’hc eloping-inducecl core

lCVCI shifts and change in TC are compared to expectations based on the, band structure calculations,

md the possible role of van Hove singularities is discussed. ‘1’hc measured 1’1-1212 vaknce  band

density of states is compared to those of “1’1-2212 and Hg- 1212,  and differences are explained by

comparison of the calculated G 3d and (rl’l,llg) 6s/5d partial densities of states of these materials.

1 1 .  lhperirncntal

Epit:txial  ‘1’1-1212 films on 1.,aA103 ( 100) substrates m obtained by sputter (icposi[ion of

T1-free precursor films followed by an e.r .~itf(  anneal in a static two-zone furnace for thallination.

]Ictails  of the. film growth, annmding,  and cllarilctcliz.:ltio~~  arc clcscribcd  clsewhcrc.4  Some c)f the

fil]m rcccivcd  an additional annml in nitrogen at 250° C for one hour. Prior to the final nitrogen

anneal, which a(ljusts  the oxygen content, tk illms m typically supcrconcluc[ing  at -70-75 K,

while ‘]’C is raised to -85-90 K after nitrogen anmaling.

“1’hc films were clcancd  with a nonaqLIcous  ctchant consisting of 0.1 % IIrl in absolute

ethanol, rinsed in ethanol, and blown (iry with nitrogen in the ultrahigh purity nitrogen atlnosphcre

of a glove box which encloses the XI)S load lock. ‘1’his proccdurc  nlinimims exposure of the clean
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slltl’:tcct  orc:]c~ivc[i  tn~t)sphctic  g:iscssllch  :lswt~trr  v~ipcr:il~(i  cwkon dioxi~ic  an~i has yielded high

qua] i[ y surfxccs ~or olhcr Cupr:ltc  s~l[~crcoll~ltlcto]s,x” notably including [k ‘1’] mprak  ph:ms

“1’] -2212 (l<cf.  lo) and ‘1’1-2201 (Ref. 11) as WC]] M the chcmimlly :mi structurally similar IIg

~llpr:l[~  }~g- 1 ~ ] 2 (~cf. ~). T h e  ct~h Ia(c WiiS  folllld  to b~. - 1()()0 A/rein, :md a 45s

sul’1’icicn[  for obtaining XI>S spectra chmdcristic  of high qwdity surl,Kcs,  using cri[cria

clscw}lcH”c.8 “1’hc  X1>S spccm  were  accLmIulatcd on a Surftwe Scicncc  S p e c t r a

(3CI1 was

(Icscribccl

SSX-501

spccmmctcr  with n~ol~ocllrc)n~ati?.c(l  Al Ka x-rays ( 1486.6  cV), photocmission  normal to the l;lm

surf[m, ;Ind a b;isc pressure of 5 x 1 ()-1() l-m. ‘1’hc x-ray bcm di:mlctcr wits 150 ~[nl for the core

ICVCI  mcasurcmcnts  and 3(10 pm for the valcrm  band n~cmurcmcnts,  The pass cncrg y of the

electron energy an:dyycr was 25 eV, yielding a peak full width at half nmximum (FWHh4) of 0.7

CV for a Au 4f7fl signal. The I;crmi lCVC1  of Au is taken to bc the mm of binding energy, which

yields a Au 41T,Z binding energy, measured from a deposited Au film, Of 83.9 cV :IIKI a CL] 2p3L,

bin~iit]g  energy, measured from an Ar ion-ctchcd  G pl;uc,  of 932.5 cV.

One full y oxypenatcd  and two nilrogcll-:l[lllc:tlcd  films arc mcasurc~i in this work, and ac

susccptibili(y  n~c:mrcmcnts  following the XPS mcasurcrncnts  show a superconducting transition

OIISC( at 74.5 K with a transition width of 2 K for ihc oxygenated film, and slll)clcO1~~lllctillg

transition onsets of 86 K and 87 K with transition widths of 1 K for the l~itrogcll-;it~t~c:ilc~i  film,

I!,quiwilcnt  XPS spectra arc obtained from both nitrogen annealed films, the. spectra prcscntcd here

arc fmn the film with TC = 87 K. “Ilc surf:wc stoichiomctrics  alter etching for all tlmc  films

mcasurc~i  in this wt)rk:trc ncar’I’]:l]ti:(  l:i:[;ll=  1:1.85:1.15:2.

111. Band Structure Calculations
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Since the oxygen content in T1-0 layers is of crucial in~portancc  fm I’C, the electronic

ShLIC[lllC  is cakwlatccl  for “I’1- 1212 wilh two di[’fcrcnl  oxygen conlcn(s; oric cmcsponds to &O

when :ill oxygen sites in the T1-O kiycr tire occilpicd,  :ind atlc~thcr  corrcspomis  t{) 3=0.5, when

every other oxygen site isv:iu:int.
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“I’odctcrillit]c  tllcelcctronic stmclLlrc of “1’1-1212, the fLlll-po[ential  linear muffin-tin orbital

(};l  M’]’(l)” was Lmci within the local density approximation (1 ,J>A) anrl the Cepcrly-Aldc.r  form of

(1IC cxcll:lllgc-cor~elatioll  potential, In these calcLdations  no shape approximations arc made to

either the ch:Lrgc  density or the potential. ‘1’hc strLlctLml parameters for ‘I’1- 1212 arc ta~cn  from

Ref. 12. 7’hc Lmitcellc  onsistso  ftwoCLl-021aycrs  (oxygen atonlsin  CL1-Ozlaycrs  arcrefcrrcd  to

as 0(1)) separated by Q ancl a blocking  layer containing Ba, “apical” oxygen (O(2)) and the 1’1-0

layer with its oxygen site referred to as 0(3). local atomic distortions aroLmci  the oxygen vacancy

site that were nmasLlreci  in Ref. 12 were taken into accoLmt  in the cnlcLllations for ‘1’1-1212 (5=0.5).

‘l’he Id ,MI’O calculations ‘are performed in t})e spin-rcstrictccl scalar-relativistic moclc  with

atonlic  Ba(5s25pc6s26p0),  Tl(5sz5pb5ci  106sz6p]),  Cu(3sz3pb3ci’04  s1), Ca(3sz3p~4sz) and 0(2s~2pJ)

ICVCIS  tremxi as valence ban(i electrons. A tcchnic]L~c,]3 similar to Singh’s “]ocal  orbitals’’,l~  is LIsed

to enable simLdtancoLls  treatment of orbit als with cqLud orbital nLlnlbcr in the same encrg y wi ncio w.

1( is well lcnown that the 1.M1’O schcmc  of ban(i calculations works well for close-pacimd

structLlrcs. in order to get a more c]osc-packe(i  strLlctLm,  emp[y spheres arc introciucccl  at sitc,s

(0.5, 0.0, 0.0). The M’1’-raciii  arc carefLdly chosen based on the spatial (iistribLltion  of the sclf-

consistcnt  charge cicnsity over the Llnit ccl].

‘1’hc set of raciii, R1,=2.0, RI{~=3.4,  1<,,,= =2.84 m(i RO= 1.8 au., ~are used since these. attribute

charge ~icnsities  ccntcrcci  at different atoms to their cor[csponciing  spheres, leaving only relatively

smooth variations of the charge cicnsity  over the interstitial region. A triple-kappa basis set is

~@oy~Ci  fol each type of atonl with angllh’  II1OIIICI)(LII1l, /, Llp  to ~ fO1 ‘I’], CL1 aIld o WICi LIP to 3

for IIa an(i G for K?=-O.O ] Ry, an(i LIp to 1 for K’=- 1.() an(i -2.3 Ry. Wave fLmctions with /.,,,,= 1

arc associated with empty spheres for the first iwppa val Llc only. ‘1’hc charge density is ca]cLdatc(i

exactly in nlLlffin-tin spheres for angular  momentum components up to /=6. The same / cLlt-off is

LIscd  when intcrpo]ating  in the interstitial region over f lankcl fLlnCtiOIIS with energies -1 an~i -3 R y.

Calculations cionc for /=5 (io not show any (iiffcrmcc in banci positions which in(iicatcs good

convcrgmcc  of the rcsLllts with /,,,(,,.
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“1’hc l{rillouin-ztmc  intcgratims arc carried out by tlm tctrahcdmn  method using a 455 k-point

mesh (c(~rics]](]l~(iitlg to 12X12X 12 regular divisions along thr kX, k,, and k. axes, rcspcc[ivcly)  in

[he 1/1 6 imduciblc  wedge.

Total ami I-projcctcd  density 01 SMCS (110S) of “1’1-1212 (/5= O) arc pmscntcd in I;ig. 1 with

tbc I iwni  energy (11,,) chosen at O cV. ‘1’hc upper part of the valcncc band consists of strongly

hybridized Cu %1 and 0(1 ,2,3) 2p states. The cf’fcctivc  width of the O 2p states dccrcascs  frwn)

0(1 ) lo O(2) anLi 0(3), rcjlccting  a rcductim 01 the cova]cnt bonding of oxygen it] Llificrcnt

crystallographic positions. ‘1’hc part of the vdcncc  bm(i locatc(i  around - 1() CV consists mostly of

‘1”1 5cI and Ba 5p states with ‘1’1 5d states lying slightly above the Ila Sp. The sta[cs at -16 CV arc

composed main] y of O 2s states. A clear shift of the O 2s states for 0(1), O(2) anti  0(3) suggests

diflcrcnt  dcgrccs  of ionization,  being the least I’m oxygen in T1-O layers. Anolhcr  intcrrstins

fca(urc is that 0(3) has a very narrow 2p band (compared to 0(1) and O(2)), which suggests that

0(3) is incorporated in the strLlcturc as a loosc]y bonded ion. Thus, annealing in an inert

atmosphere most probably affects on] y ox ygcn i n T1-O layers.

g’hc band slructurc  in the range from -18 cV 10 -t 5 cV relative to E,, prcscntcd  in I~ig.  2 also

shows three distinct groups of bands: in the upper mcrgy arc G-O hybridi~.cd bands, IIa 5p - ~“1

5d in the midci]c anti O 2s states at the bottom with a very Jlat banLi of 0(3)  2s sta(cs.

I;igLlrc 3 presents the banci strLlcturc  in the vicinity of Ii}. which looks very similar to the

txmi structures of’ all layered CU-O based high-”]’, sLl{)crcorl~lllctors.” Two :iltllc)st-lrcc-clcctrt)ll-like

dim tmncis (their rrumbcr  corresponds to the number of CL1-O layers) cross the licrmi lCVC1. Onc

can scc a prominent van 1 Iovc singularity (vI 1s) which is locakd  along the X-R direction in the

Bz, as is usual for all tctragona] cupr:ttc high-’]’, materials. lS

q’eta] and I-decomposed DOS for ‘1’1-1212 (&-=0.5) arc prcscntcd  in l:ig.4. “1’hc introduction

ot oxygen vacancies in the ‘1’1-0 layer produces qLlitc  dramatic changes in the b:in(i structLirc  of

7’1-1212 (as comparc(i  to the 6=0 case). I;irst  of all, the intcractim strength of 0(3) with tbc rc.st of

the c) ystal  is changcci:  tbc 0(3) 2p band widlh is enlarged and shil(s dccpcr bc]ow 1;,, (cl’. l;ig.4),

or alternatively I;t s hilts up in energy; the 0(3) 2s states arc now loc:itc~i  in ncady  the sarnc energy
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rcgi(m as the 0(1)  2s SWICS,  while the 0(2)  2s states arc shil’[cd to approximately 2 CV below

(higllcr  binding cncr’gy lhan) lhc 0(1) and 0(3) 2s stares. This ch:ingcs the O 2s SIUIC  ordcrirlg

f o u n d  lorthc T1-1212  (a=:o)casc. Also note that the 13a 5p states corresponding to (I1c Ba atom

witllcc)lll]Jlctcly L)ccLlllicLl  0(3)sitcsarc- 2 CV 10WCI  in energy (higher bin~iing energy) than the 5p

s(atcs of Da with an 0(3) vacancy in i[s nearest vicinity. Such changes in oxygen and IIa states alc

caused by strong changes in the Maciclung  potential of the T1-O ]aycrs in(iuccd  by par{ial  rcmova]

of the 0(3) atoms.

Another interesting fcatutc of the T1- 1212 (&=O.5) electronic strucmrc is the Iil, Iocalion,

which lies WC]] below the vI-Is in T1-I 212 (8=0), but in T1-1212  (8=0.5) is in close proximity to

the VHS. “l’his is clearly seen in Fig.4, where EF is close to the DOS n~axinmm produced by the

Vlls.

IV.  X1’S Core  1.CVC1 Mcasurcmcmts

The core ICVC1 binciing mcrgies  and peak IJW1 IMs mcasurcci in this work from as-grown and

nitmgcn- annealed 1’1-1212 epitaxial  films arc sum mari md in ‘1’able  1, together with mcasurcmcnts

prcvious]y  rcporlcci  for 11-1212 polycryst:d]inc  pcllctsS”7 and for IIg- 1212 and 1’1-2212 cpitaxial

l’ilms.y’]{’ ‘1’hc O 1s spcztrLlm mc:isurcd from a nitrogcrl-:irlrlc:llcd  “1’1- 1212 film aflcr ctchirrg  is

compared in I:ig. 5 to the corrcsponditlg  spectra from 1lg-1212 and ‘1’1-2212 cpitaxial filn~s.9’1[~

The peak near 531 cV, which is dominant prior to etching, is associated with contarninants,s

p:illicLdarly  tilkalinc  earth carbonates. l’hc lower binding energy manifold is a minor cmponcnt

prior to etching and originates l’rom the nonequivalent oxygen sites in the ‘1’1-1212 lattice. ‘l”hc

dominance 01’ the lower binding energy sllllcrcotlcillctt~r  signals in l:ig. 5 demonstrates the surface

clcanlitms  obtained in this work. in contrast, earlier stLldics  of polycrystallinc  ‘1-l cupratcs:’-7

exhibited O 1s spectra with contaminant ar]d superconductor signals ncar]y cqwil in intensity.c

‘l”JIc  ‘II-1212 O 1s signal consists of two cotnponcnts, as dcmonstriitcci  more clear] y in the

sccxmi Cicrivativcs  of the spcctm shown in lhc inset 01’ 1 ‘ig. 5. As prcvioLlsly nmtrtioncci,  0(3)  in

the “1”1-0 plmcs is the oxygen with the. 10WCSI bin(iing energy l“or 6 =. 0, an(i has ncar]y the smc
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binding energy as the 0( 1 ) states for 6 = 0.5. Assuming 75% 0(3)  occupancy for optimal] y doped

“1’1- 12 12,]Z the 0(3) signal would account for only 11% of the total  O 1s intcnsi(y, and would bc

<2(PZ of the intensity of the 0(1) signal from CU-O p]ancs. ‘1’hc lowest binding energy signal

whit.b is resolvable in I;ig. 5 is the sign:il  with the grciitcst irilcnsity, Limi is thcrcforc assigricd  m

CU-O pl:incs, mnsistcnt  wilh studies of other cupr:itc  suj>crc~~l~cl~ictc)  rs.9][’]6”z] ‘I%c higher binding

energy component is assigned to “1’1-0(2) bonding, consistcrit with the O st:itc  ordering folind in the

bald  strLlctiwc  c:ilculations  in this work and with previous cxpcrinmnt~il  iissig~l~~~cr~ts.l  (’’]~’y?l  The

0(3) sign:il  would either contribli(c  to the 0(I) signal or would be an unrcsolv;ibl  y small

component on the Iow binding cncrg y side of the much mm intense 0(1) si gn:il. ‘1’hcsc

assignments :irc verified with angle-resolved rnc:isurcrncnts,  which show that at a photoc]cctron

emission :inglc  70° from normal the ‘1’1, Ri, and higher binding energy O 1s core ICVC1 sign:i]s arc

cn}uinccd  relative to the CLi and Iowcr binding energy O 1s core lmcl sign:ils. “I”hcsc observations

sLlggcst  1’1-0 surfiicc tcrmin:it.ion,  consistent with previously rcporlcd  mc:isurcrncnts  of chcmic[illy

Ctchcci  TI-2212.21 The relative C:i :ibitnd:incc  is not :it)glc-LlcIJcIILlcrlt,  which likely rcsu]ts from Ca

occupying  miiltiplc  l[itticc  sites, as discussed later.

“1’hc O 1s signals of TI-22

cwmp:irison in the inset of Fig.

:issoci:itc~i  with 1 Ig-O bonding.

2 and Ilg-1212 also consist of two components, :is shown for

5, with the high binding energy component of Ilg-1212 being

‘1’hc IWO O 1s components hiivc the s:imc binding cncrgics  for

1lg-1212 and ‘1”1-22 12, with different intensity r:itios yielding the observed diffctmcc  in the

m}inifold ]incshapcs. For T]- 1212 and 1lg-1212, on the other hanci, the dil’fcrcncc  in observed

minifokl lincshapcs  originates from two O ls con~poncn(s h:iving  similar intensities but diffcriny

bin{iing cncrgics,  with the energy scpiiration  being 0.3-0.4 CV ICSS  for3’1-1212.

“1’hc T] 4t’ and B:i 4d spcctrti arc prcscntcd in I:ig. 6. 1.c:ist sqwircs  fitting shows that the 1’1

4f spectrum is consistent with :i sing]c dolib]ct,  in :igrccmcnt with previous nlc:isLwcn~cnts  from

‘1’1-12 I 2 polycrystallinc  pellets scraped in v:icuum,>”’ iis WCII ;is other T] cupriitcs. ‘1) ’16’’9’?2’?3  ‘1’hc “1’1

4 I’l,z binding energy, which in ‘1”1 cupr:itcs is intcrmcdi:itc bctwccn  ‘l’JZO :ind “1’12{)3, h:is been

intcrprctccis”7’~3 as c,vidcncc that “1’1 is in :in intcrmcdi:itc,  oxidatioti st:itc bc.twcc.n  + 1 and + 3, bcinf:
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nc:il Iy -i 3 for T ] - 1 2 1 2 . Similarly, the incrcasc  in the ‘1’J 4 I“T,j binding energy with dccrcascd  ho]c

ciopin:  whcrr Y+3 is subslitutcci for Ca’2 has b e e n  intcrprt>tcd7  W a ChiiIl~C  in th~ ‘1”1 ValCIJU!,

1 lowcvcr, in [his work the primiiry effect of a change in the doping

lhc 1 krmi Icvcl, as ciiscusscli  later.

“1’hc Ba 4ci (I:ig. 6) and 3d (not shown) spectra consist of

signal, iii](.i  a lower intensity colltimlinan(  signal iit higher binding

T1-12 12 found a Ba 3cis,2 binding energy ().7 CV higher thiin

ICVC1 is founci  to bc a shift of

lhc ciominanl  sLlpcrcondLlctor

energy. An car]icr stmiyfi  of

that mcasurcti  in this work.

110WICVCI, the O 1s signal exhibits a signil’icimtly higher contaminant signal in tbc citrlicl work~

comparcci to this work, and the Ba ki signal, with lower photoelectron kinetic energy, is more

surface sensitive. Since the energy scpara[iorr  of the Ba 31 signals from the supcrconciuctor  iind

contaminants is nciirly the same as the peak width, [hc lower birding energy observed in this work

rcllcc[s  the lt)wcr ICVC1 of c{)ilt:~tl~ill:ir]ts.  ‘i’hc ban(i strLlcturc  results in h’ig. 4 suggest that Ba atoms

nciir 0(3) wwancics  shou]d yield photocmission  signals at -2 CV ]owcr binding energy than R].

iltO1llS  near occupicci  0(3) silts. Assuming 75% 0(3) occupancy, the Ba signal should thcrcforc

consist of two signals wi[h a 3:1 ratio bctwccn the high and low binding energy componcrlts,

which is not observed in Fig. 6. Some possiblr rciisons  ftw this appiircnt  discrepancy :irc that  the

splitting of the skltcs may bc more pronounced Ior the Shiillow Ba 5p core Icvcls, the band

structure calculated for b = 0.5 may not bc dircc[ly comparable to a doping ICVCI  of 5 Z- ().25, or the

crystal structure dctcrmincd  for 6 = 0.25 may not bc cwmplctcly  i\~~Llr:it~  for the ~al~~~li~tions  o] the

5 = 0, 0.5 Cases.

‘1’hc G 2p spectrum in F:ig. 7 consists 01 two douhlc~s,  as shown in the least squares iltting

results in Fig. 7, both of which arc associated with T]- 1212. Prior to etching, a bighcr  binding

energy surface contaminant signal with i~ C.ii 2p3,? componcrlt  nc:ir 347 CV is also prominent, but is

not Lictcctablc  i~ftcr  etching. ‘1’hc two tiouhle~s  cvi(icnt in l~ig. 7 arc also observe.d in the G 2p

spectra of ] lg- 1212 (Ref. 9) an(i ‘1’1-2212 (Rcl. 1()), as WCII as other Ca-containing  cupratcs  such

as BizSrzCaCuz08+&  (Di-2212),?() an~i have been intc.rprc.tcd  as originating from occupation 01

incquivalcnt  lattice sites duc to ca[ion (iisor~icr, with the lower binding energy doub]ct assigncci  to

g



0-O p]ancs, As in other alkaline card] compounds in genera] and cuprwc

in pi\rltC\\]l\t’,  the ]Ia and ~.a C[>rc lCVC] binding C1lC1”giCS  of ‘1’1- ] ~] ~ lHCasur’Cd in

this work arc signil”ic:in(ly lower than lhosc of the co]’lcs[~(~l)(lit~g  rnctals, which has been at(ributcd

(c) il~i[ial  state’ clcctros~atic clfccts, spcuifically  the Mi\dclL\ng  energy being lilrg~l  than the ionization

energy.24 2“(

I’hc 01 2p3c spectra measured from 1Ig-1212, T1-1212, and TI-2212 arc compared in I:ig. 8,

iilld ill’C t ypicwl Of ~.U”2 CO IllpolllldS. ‘1’hc s:itcllitc  at higher binding energy corruponds  to a

mu]tiplct  of z~f.llyl.  stales, where underscoring denotes a hole and 1. dcJK)lcs  the oxygen lig:iJd,

and (hc main peak nci\r 933 CV is usually at[ributcd  10 well-scrccned &3d 1”~ final s(atcs rcs Lrl tinp

froJn  lig:~r~(i-t~~-rllcta]  (O 2p ~ G 3d) charge transfer.z8”30 ‘i-hc rclativc]y  large wi(ith (> 3 cV) and

asynwnctry  of the 933 CV signal cannot  bc. c,xpl ainc.d  by core. hole lilctimc broacicni  rlg or

instrumcnta]  rcso]ution,  OJ’ by Jnu]tip]cl  Sp]itting, w h i c h  woLI]d not bc cxpcc(cd when the CLJ N]

states arc fully occupied, an~i arc usLIal]y  at(libu[cd to O 2p ban[i  cffcc’ts.  l“hc  main peak bindin:

cncryy ami width and the satc]]itchnain pc;tk intensity ratio, l~/lfl,, for ‘1”1-1212 t~lci\sLlrc~i in this

work arc in general agrccmcnt  with those reported for’ “1’1- ] 2 ] 2 po]ycrystal]inc pc]lcts  scraped in

vacuum .07 ‘1’hc sti(cllitc  - main pciLk  CJICJ’gy  SCpiiJ’a(iOJl  and ]~],,, arc rC]iitCd  IO thC O 2p - ~Ll  3d

hyblidiziltioll  and charge translcr cncrgy;?[’3(’ the sinlililrity of the ~Ll 2p3,z spectra for 1“1-1212 and

‘1’1-2212 (SCC };ig.  8 and Table 1) thLls indicates that the number of ‘1’1-0 Iayc.rs  has little cflkct  on the

[;u-O tx~nding. }] OWCVCJ’, thC T ] - ] 2 1 2 .  :iJKi  } ] ~ - ] 2 1 2  ~Ll 2 p Sfl Si&!IliIIS (io dill’cr,  with the Ilg- 1212

signiil  having a ]owcr WI]LIC of ]Jl[,,  and the main signs] being broa~icr OJI the low bin(iing energy

side. Such obscrva[ions  could bc an indication of oxygen deficiency in the }lg-1212, which woul~i

bc i\cC(>n)p:inicLi  by an incrcasc(i  intensity on the high bin(iing energy side of the O 1s signal (near

52,9 cV, c.g, scc Rcfs. 21, 3 1). ‘1’his possibility Ciin bc climinatd  by cxaminiition  (JI l;ig. 5, which

shows thal the llg-1212 O 1s signal hiis cnhancc(i  intcnsily at lower binding energy c(mparcci  to

(I)c ‘I’1- 1212 signal. ‘1’hc observed diffcrcnccs  in the “1’1-1212 an<i 1lg-1212 Q1 2p3,j signals thus

ii]~l)c;ir  to bc intrinsic. ‘1’hc ]owcr valLlc of ]Jln, obscrvcci forI]g-1212 in~iiciitcs  that rcplxcmcnt  ot’

‘1’1+3  with I lg+~  J-CSLJ]tS  in a lowering Of the O 2p ~ CU Ni charge tril[lsfcr  energy. “I”hc obsc,rvcd
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dil’lercnc.cs  in the Q 2p3,z main peak widths, wording  10 ON convcntiona]  inicrptctn{ion,  should

reflect (ii ffcrcnccs in the O 2p b:mdwidths.  I lowcvcr,  the culcLIl:Ucd  O 2p bandwidth I’or 1lg-1212

(Ref. 32) dots not dillcr signific:mtly  from th:i[ for ‘1’1-1212 (SCC  I:ig. 1), so other possibi]i(ics

must bc considered.

‘1’wo models have rcccntly  been proposcct which rcsu]t in the O] 2p3,z main peak having

contlibu[ions  from rnorc than onc Ilntil  s(;l(c. In onc mocicl,  the G 2p3n main peak consists of two

final sta(cs corresponding 10 charge transfer from @O phmc oxygcns  (O 2p,,Y S 01 3LiXZvz)  and

~ipic’al  oxygc.ns (O 2pr, ~ (h 3dz,?).33 This model is consislcnl  with the larger ~LI 2p3,~ main peak

widths and asynmmctric  Iincshapcs  (skcwcci towards hi.ghcr binding energy) observed from 01

compounds with pyramidal or uctahcdra] oxygen coordination cotnparcd  to compouncis  with

square phmar oxygen coordination. I Iowcvcr,  1’1-1212 and IIg-1212 are isostructurd,  with G

havin:  pyramidal oxygen coordination in both compoun(is. 11 this mmicl is correct, then the

obscrvcci  Ii ncshapc dit’fcrcnccs may rcllcct  dil’f’crcnccs  in the planar  vs. apical ox ygcn  charge

transfer prob~~bi]itics. In the scconci mmicl, the 01 2p S[Z main peak consists Of 2&Li l(’L Iin:ll

states [it higher birding energy, an(i lower bin(iing energy ~3ci1<i  Iinat states which result from

CM-C hole repulsion yielding Zhang-Rice singlet s(atcs on nci.ghboring 0 sites.34 11’ this model is

correct, then the observed Iincshapc (ii ffcrcnccs may rcllcct diffcrcnccs  in the probability y of 2.hang-

Ricc singlet state formation on 0 sites away from the core ho]c. Bo(h mechanisms may con[ributc

to the Cu 2p3n main peak width anti complex ]incsh:tpc.

v . Effect of Doping on the Chemical I’otential

“1’1-1212 is unL]sual in thot even lot- a stoichiomctric  oxygen content (6 = 0), the }~crmi ICVCI

lies below the VI Is seen so prominently in I;ig. 3 at the R point (Iil, Iypic:dly lies above Ihc VI IS and

ho]c doping is required to lower it WI1O the VI 1s). in scvcr:il nIOdClS,35  the VI 1s is rcgardcci  as onc

of the main reasons for high ‘1’, stl~)crcot)ci~lctivity. } 1 owcvcr,  the rcccn(  obscrwit i ons of’ an

cxkndcd  VI Is ncw the l:crmi ICVCI ft)r Bi-2201 (’I’ti -10 K)3C :iml SrzRuOJ (“1’c -1 K)37’3S suggest

that the VI Is may bc ncccssary  but not sul-licicmt  for ploducing  high ‘1’, sL1[)crcotl(lllctivi(y.  I;vcn

11



,. #

tl~(~tlgl~  tl)cvlls  ll~ayntJt  bcdirccilyr  cs~>(Jl~siblc  for high 3’Cstlpclcotlcl~]ctivily,  the ro]c ofthc  VIIS

in tl~osccolll~)olltl(is  which docxhibi[  high g’C sL1pclcc)~l(lLlctivity  appears 10 bc (hat m optin~Lln~ l’.

iswoci[itmiwiih  an Ii}, shifted onto or CIOSC to the vIIs. Thus, the fact that l;}, crosses the X-R

lillc()[` tt~cvlls  ~l~ilkcs ittlt~(~crst:il~  Ll:lblc  w}~ys:]tllplcs  () f3'l-121  2syll(hcsizccl  ill~Jxygc[~i~rc  altcudy

high “I’c supc.rconductors.  In order to incrcasc Tti I’urlhcr,  111, must shift Llpwards  onto the prominent

VIIS at the R-point.

The core lCVCIS

consistently observed

mcasurui in this work from both nitrc)gcl~-:irlt~c~~lcd  “1’1- 1212 films arc

at slightly higher binding cncrgics than those of the as-grown s:lnlple.  (SCC

‘1’able 1). Wi[h the cxccption  of the QJ 2p3,z  signal, for which the width of the signal makes

(ictcction  of small shills dii”ficult,  these bin~iing  energy shifts (+0.05 cV) arc in the r:mgc ().()4 -

(). 11 CV for the TC = 87 K s:implc,  arid 0.04 -0.17 CV for the l; = 86 K sample. 3“hc hi.ghcr

values muy be more reliable, since the lower values arc from the G 2p :ind O 1s signi~ls, which

consist of overlapping components whose binding cncrgics dcLcrmincd  from lcwst squares fittin~

may have greater unccrlaint  y. (kc potcntid  cii ffcrcnccs duc to chmgcx in cflcctivc  ch:]~gcs,  or to

c.hangcs in the Madclung  potcntia]  (c. g. from bond length changes) would bc cxpcctc~i to have

opposite cft’eels on diffcrcnl  sites. ‘Ilc observed shifts in the core lCVC1 binding cncrgics  in the

smc ciircction by nearly the sarnc amount (within cxpcrimcntal  error) with doping  thus suggests

thiit the ch:ingc  in the chemical potcnti:d  is the dominant effect of doping. Ilf~~~ir~g-it~(l[lcc(l  changes

in chemical potentials have previously been rcportcci  for ‘1’1-2201 ,lC as well as for othcl

cupra[cs.3’)”J3

lXwiJIg  the process of aJmcaling  in nitrogen, oxygen is {icplc[c(i  from

(since, as indicatcxi  above, it is the weakest boncicd ion) anti so add electrons

the 0(3) position

10 the con(iucti on

btind. As shown by the “1’1-1212 (6=-0.5) calculations, this shifts 1~1, onto the VI 1s :tt the R-point.

‘l”hc obscrvutions  that TC incrcascs d the core Icvcls shill to higher binding cncrgics  with nitrogen

annca]inf?  m consistcJlt  with  a Kxillction in tile ICVC1 of hole Lioping aJKi  a shift of ~il, C1OSC to the

V11s that arc cxpccteci with the rcnmvtd O( oxygen. <Ilc.ady, in this vic.w, the same cflcct could idso

be ac]licvcd through triwdcnt  ion substitutions for C:t. in fact, subs(i(ution  of Nci, (ki, or Y for G
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in ‘1’1-1212 has been rcporlcd to incrcasc ‘l’C, with nl:iximum l; occurfirlg for 30%) subs[itLllion,’ii

and suhs[itution  of Y for G has been rcportc~i to result in an incrcascd TI 4fT,l bin~iing  energy.’ In

the lat[rr study, the incrcascd  1’14 f,,z binding cncrg y was intcrprctcci  as cvidcncc  for a change in

the ‘1’1 valcncc,  rather than a change in the chcrnical  potential, since the ~LI 2p3fl binding energy was

not (ioping cicpcndcnt. It is difficult to assess the validity of this interpretation since other core

lCVCI mcasurcmcnts  were not reported. 1 lowevcr,  the possibility that u Fermi ICVCI  shif[ could have

been masked is suggested by the higher lCVCIS of surface contaminants in the earlier stu(iics5-7  and

the greater surface sensitivity and large width of the ~LI 2p3n signal.

VI. X 1 ’ S  Valcncc  Band Mcasumncnts

Fig. 9 compares the valcncc bands and the ‘1’1

and T1-221 2, scaled to facilitate comparison of line

5d and Ba 5p shallow core ICVCIS of T1- 1212

shape dillcrcnccs  in the valence band region.

?’hc l~crmi  edges, not reported in earlier studies of T1- 12. 12, f-7 arc shown more clcar]y  in the inset,

furlhcr  ~icmonstrating the surface quality. ‘i’hc valcncc bands consist primarily of G 3ci, O 2p,

and “1’1 6s/5d states, with the ~.u and “1’1 states contributing most of the spectral weight for the

photon energy used in this work.4j Distinct diffcrcnccs in themcasurcci‘1’1-1212 an~i  2“1-22 12 1)0S

arc apparent in Iiig. 9. The shoulder near 7 CV in the ‘1’1-2212 spcxtrum consists prhnari] y of 11 6s

States. 4S4C ‘l’his feature is ICSS prominent in the “1-1-1212 spcctrLm~,  reflecting both the smaller TM.h

ratio relative to 1’1-2212 and the occuncncc  of the “1’1 6s states at lower binding cncrg y, near 5 CV

(SCC }~ig. 1). TI-2212 also exhibits signi[’icant  11 6s/5Li spectral weight through(mi  the energy

range 3-7 cV,4S so that the larger “1’UCX ratio relative to ‘1”1- 1212 is consistent with the largcl

obscwcd intensity at greater lhan 4 CV binding energy. I Iowcvcr, the T]-1212 valcncc band shape

is more skcwc~i towards high binding energy (icspitc.  tbc lower 11 partial DOS in this region.

IIc]ow the valcncc bancis in l:ig. 9 arc the Cl] li par(ia] 110S (the primary contributions to the

measured valcncc bands) from band structure calculations of T]-1212 (top, this work) and ‘H-2212

(bottom, Ref. 46), shiltc~i  by 2 CV to approximately match the cnvclopcs  of the valcncc  bamis.

I ilcctmtl correlation cflccts have oflcn been citcxi as ncccssi(ating  similar shifts for other cupratc
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sll~)clcol)cltlctors.” ‘1’hc skewing of the T]-1212 wdcncc  band towards higher binding energy may

be a rcflcciion  of the more sharply peaked G 3d partial DOS in the region 5-6 cV.

The valcncc  bands and shallow core lCVCIS  ofT1-1212 and IIg- 12 ] 2 arc compared in l~ig. 1 (1.

3-he most striking difi’crcncc in the valcncc bands is the incrcascd  intensity near 5 CV in the

llg-121 2 spectrum. The Ilg-1212 0 3d parli:il  IX3S is similar to that of “1’1-2212 (SCC the

comparison in Ref. 9), and the diffcrcnccs with T]-1212 arc not sufficient to account for the

observed spectra. Shown below the valcncc bands in Fig. 10 arc the 1lg-1212 I lg 5d (top, Ref.

32) and “II- 12121’1 5d (bottom, this work) partial JIOS in the energy range of interest. 7?IC

occurrence of’ 1 lg Sd states near 5 CV for 1Ig-1212 and the. lack of corrcspondin.g states for T1- 1212

arc. consistent with the observed diffcrcnccs in the measured valcncc  bands.

VII .  Summary & Conclus ions

The core ICVCIS of high quality 1’1-1212 cpilaxial  films were measured with XPS, and the valcncc

electronic structure was dctcrmincd  by band strLlcturc  calculations and rncasurcd  with XPS. I’hc

surface quali(y has been demonstrated by the low lCVCI of high binciing  energy signals from

contaminants in the O 1s and alkaline earth core ICVC1 regions, and by the observation of a Fermi

edge in the valcncc  band region. ‘1’hc “1”1-1212 oxygen 1s signal is rcso]vcd  into two componcn[s,

associated with 01-0 phincs and ‘1’1-0 bonding. “1’hc similarity of the ‘1’1- 1212 and ‘1’1-2212 ~Ll

2p3fl spectra shows that the number of T1-O layers has lit[lc  cflcct on the CII-O bonding.

1 lowcvcr,  the “1’1-1212 and Ilg-] 2 ] 2 C;LI 2p3n signa]s exhibit difl’crcnccs  which suggest Ih:tt the

rcpk~ccn~c.tl[  of 1’1+3 with 1 Ig+z results in a dccrcasc  in the O 2p ~ (h] %! charge transfer energy, as

WC] 1 as di ffcrcnccs  in t hc probabil itics of planar vs. apical ox ygcn charge translcr and/or 7.hang-

Ricc sing]ct  state formation on ~Ll  sites away from the core. hole. Mcasurcmcnts  from samples

wilh differing ‘l’Cs resulting from differing oxygen doping ICVCIS show that, within cxpcrimcntal

error, the core ICVCIS  arc rigidly shillcd,  consistent with a do[~illg-it}c~llcc~i  change in chemical

po[cntili].  “1’hc band structure calcukitions  show that for lhc stoichiomctric  compound (6=()) the van

110VC singularity is above l;[,, and is C1OSC to 111, for b = ().5. Samples annealed in nitrogen (to

14
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rcducc  the hole ovcrdoping  by the removal of oxygen) exhibit higher core lCVC1  binding cncrgics

and hi gbcr TC, consistent with a shift of l;l, onto or nearer the VI Is. Diffcrcnccs  bctwccn the

v:ilcncc  bands of‘l’J-1212 measured in this work and previous] y measured ‘1”1-2212 and 1lg-1212

valclwc bands arc consistent with diffcrcnccs  in the calculated {h %1 and (T], Hg) 6s/5d parti~tl

1)0s.
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for T]- 1212 poIycrystaIline pellets and forT1-2212 and Hg-1212 epitaxial films.
. .,

Material T1 4f,,, Ba 3d5,, Ba 4d,,2 Qa/2 -3/2 U!!m

TI-1212 117.75 (1.4) 778.09 (1.4) 87.67 (1.15) 344.61 (1.2) & 933.1 (3.2) 0.44
(TC = S7 K) 345.68 (1.2)

(TC = 86 K) 117.S3 (1.4) 778.13  (1.5) 87.71 (1.15) 344.61 (1.3) & 933.1 (3.3) 0.42
345.70 (1.4)

(TC = 74.5 K) 117.66 (1.4) 777.99 (1 .5) 87.56 (1.2) 344.57 (],2) & 933. I (3.2) o-43
34~60  (12)

(TC = 73-79 K) 117.7 (1.5) 778.8 not reported 345.0 933.3 (3.4) 0.41

73-~2 ] 2 118.02 (1.25) 778.27 (!.55)  87.87 (1.15) 344.66 (1.2) & 933.1 (3.1) 0.45
(TC = 1()~ K) 345.73 (1 .2)

Hg-~~]~ none 778.21  (1.45) 87.83 (1.1) ~44.48(1.  I)& 932.9 (3.4) 0.36
(TC=117K) 34562  ( 1.2)

o 1s Ref.

527.99 ( 1.0) & This work
528.64 (1.2)

528.02 (1.0) & This work
528.72 (1.1)

527.93 (1.0) & This work
528.60 (0.9)

-529 5-7

527.84 (0.9) & 10
528.69 (1.4)

527.87 (0.9) & 9
528.72 (1.1)
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4.

5. .

6.

7.

8.

9.

Figure Captions

“I’M and I-pr(jcckd  DOS for T1-1212 (8:-0). ‘1’1 6s and O 2s 1)0S arc shown  by dashcci

lines. ‘l”hC SCalC foI” tl]c “1’] 6S stiil~s ilr~>  Cn]ii~gC~i by ii l’iiCt{)r oi” 8.

l;l ,M”I’O biitld  stmcturc along high-symmetry directions for T]-1212 (8=0).

1:1 ,MTO band strLwtuIc in the I;crmi energy region for1“1-1212 (S=0).

“1’otal and l-pro jcctcd  DOS forT1-1212 (8-=0.5).  ‘1’1 6s, Ba (near the 0(3) vacancy) 5p and O

~s ])0S arC s}]owll  by (iaShCLi  lines. ‘l’he ‘]’] 6S sliilCs  iirC ShOWll C1d:lrgCd  hy il fi\cl(]t  ()[ 8.

The O 1s spectra mcasurcct from chemically-ctchcd cpitaxial films of ‘1’1- 1212 (this work),

~“1-2212 (Ref. 10), and Jlg-1212 (Ref. 9). ‘1’hc inset shows the second derivatives of the

spcclra.

“1’hc 3’141 and Bi~ 4d spectra n~CtisutCd  (or ‘1’1- 1212, to,gct}wr  with thc rcsu]ts of Iciist-s(]Llilrcs

fitting.

“J’hc ~a 2p spectrum measured for1“1-1212, together with the rcsul[s of l~iist-s~]uares  fitting.

“J’hc O] 2p~,z spectra measured for 1’1-1212 (this work), T1-2212 (Ref. lo), and IIg-1212

(Rcl’. 9).

~’hc ValCI~CC  bands  and thc 3-1 5d/13i~ 5p Shiillow core ICVC1  spectra n~ctisLlrC(i  from l’]-1212

(this work) iit]d 1’1-2212 (Rc[.  10). ‘1’hc insc.t shows  the. Fcnni  edges. BCICJW the viilcl~~c

biinds arc the calculated ~Ll  M pailiiil  dcnsltics  of states of ‘l’l-1212 (top, this work) and

T1-2212 (botlom,  from Ref. 46).

1 (). The valcncc  bands and shallow mrc ICVCIS  measured for ‘1’1-1212 (this work) and Ilg-1212

(Rcf, 9). ~’hc inset shows the Fermi edges. ~3C]OW  the va]cncc bands arc the CiilCLllil[Cd “1’1-

12127’1 5d (b~~tt(>m,  this work) i~nd Jlg-1212 I Jg 5d (bottom,”  from Ref. 32) p~rtiiil  densities

of states in the binding energy riillgc 2-7 cV.
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